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Abstract 
Integrating solar energy into conventional coal-fired power system provides a way to overcome the inherit 
shortcomings of solar energy, such as intermittent and instability. In this paper, a coupling analysis of the solar field, 
turbine and boiler is made and Matrix Thermal Balance Equations is introduced in the calculation of the system 
SAPG. For a system SAPG running in coal-saving mode with constant load, the result shows that the introduction of 
solar field into coal-fired unit leads to mass flow rate variation and temperature drop of superheat steam and reheat 
steam greatly. As a result, more consumption will be needed if too much power is provided by the solar field. 
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1. Introduction 
With the shortage of fossil fuels and its negative effects on environment, solar energy has been 
attracting more and more attention. However, its inherit shortcomings, such as low intensity, instability 
and high initial investment, limit the development of industrialization of solar thermal energy. As a way to 
overcome these problems, integrating solar thermal into conventional coal-fired power generation system 
can produce more green electricity [1]. In this system, solar thermal energy is used to take part of the 
extraction steam to generate more power or reduce more consumption. Solar-aided power generation 
(SAPG) makes the large-scale use of solar energy possible. It not only overcomes the deficiency of 
intermittent and instability of solar energy, but also relieves the power system of solo solar power plant to 
save the generation costs. 
Several works have been performed in this field. Hu and Yang [1] presented an idea that is integrating 
solar thermal energy into conventional coal-fired power station to generate green electricity. The 
advantages of solar aided power generation are analyzed using both the first law and the second law of 
thermodynamics, based on a hypothetical case. Ying and Hu [2] presented the advantages of using solar 
energy as an auxiliary source in regenerative Rankine plant from thermodynamic viewpoint. One of the 
* Corresponding author. Tel.: +86-13701036110 
E-mail address: yyp@ncepu.edu.cn 
792   Wu Junjie et al. /  Energy Procedia  61 ( 2014 )  791 – 794 
advantages mentioned is that the solar aided system can eliminate the variability in power output in solo 
solar power systems. Hou, et al [3-4] discussed the performance of solar aided feedwater heating of coal-
fired power generation system under different operating conditions. The annual performance of the system 
and the optimum aperture area of solar field are discussed in the study. However, the above-mentioned 
literature considers the boiler as a “black box” without further research and none of them made a coupling 
analysis of the solar field, turbine and boiler.  
To solve these problems, this paper presents the influence on the thermal power system with the 
introduction of solar thermal power. On one hand, the method using Matrix Thermal Balance Equations is 
introduced in the calculation of the system SAPG, which has the advantages of fast calculation speed; on 
the other hand, a coupling analysis of the solar field, turbine and boiler is analyzed in order to study the 
influences on the turbine and boiler after the solar thermal introduced into the original coal-fired unit.  
2. System Description 
Almost all combustion-based steam power plants are running regenerative Rankine cycle 
thermodynamically. For a pulverized coal-fired unit running in coal-saving mode(fuel and emission 
reduction while keeping the same generating capacity), the steam is extracted to heat feedwater and 
condensate water, thus the inlet temperature of economizer and the thermal efficiency of the whole power 
plant are both provided. The SAPG system provides a bridge to introduce solar energy into conventional 
coal-fired power system. In this system, solar energy is absorbed by collectors to heat transfer oil. 
Extensive literatures indicate that, the higher grade extraction steam replaced by solar energy, the better 
thermal performance would be obtained[1-3]. Therefore, a part of the feedwater from deaerator is heated 
by solar field and the rest part of the steam is heated by heaters No.1-3, as shown in Fig. 1. In this way, 
extraction steam from stage No.1-3 is partly or totally replaced to reduce more combustion. In this figure, 
Įsolar is defined as property of feedwater heated by solar field, and the value is varied as the weather 
condition and time change. It is assumed in this paper that the outlet water temperature and enthalpy from 
solar filed are equivalent to those of the outlet water of heater No.1. 
Fig.1. Diagram of SAPG system 
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Fig.2. Solar power output under different DNI Conditions 
and Solar Multiple 
3. Simulation of the System SAPG 
The system SAPG includes solar field and conventional coal-fired power system. The thermal output 
of a parabolic trough solar field depends on the absorbed solar radiation incident on the collector reduced 
by the losses of the solar field which include collector heat losses and pipe heat losses [5]. 
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In system SAPG, the mass flow rate and the parameters of the extraction steam in each stage varies as 
the result of the introduction of solar energy into conventional coal-fired power plant. To calculate the 
mass flow rate in each stage, Matrix Thermal Balance Equations is introduced, as shown in Equation 1. 
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Where, Įsolar is the mass flow rate coefficient of feedwater; Įi is the mass flow rate coefficient of 
extraction steam of stage i(i=1,2,3…8); Įsolar is the mass flow rate coefficient of extraction steam of water 
heated by solar field; ´i, kJ/kg, represents enthalpy rise of 1kg feedwater in heater i; qi, kJ/kg, represents 
enthalpy drop of 1kg extraction steam in heater i; ¤i , kJ/kg, represents enthalpy drop of 1kg drain water 
in heater i. 
The calculation on the boiler side is based on the boiler thermodynamic calculation of ex-USSR in 
1957 and in 1973[6].During operation, sufficient attemperation water should be provided to protect each 
super heater from overheating and control the temperature of the superheat steam and reheat steam. 
4. Case Study 
To validate the model, a parabolic though solar field aided 330MW coal-fired power unit is 
exemplified, in Yinchuan, Ningxia, China (37°N and 105°E) which is a plain area with rich solar energy. 
This unit is running in coal-saving mode as a case study in this paper. Thermal power output from solar 
field is crucial for the system SAPG and it is significant and meaningful to set a designed condition. 
Commonly, the designed condition is fixed at solar noon on 21st June. Thermal power for different solar 
field sizes has been represented in Fig.2.It can be seen that the solar thermal output depends on DNI value 
linearly when the SM (solar multiple) remains constant. 
For turbine, the introduction of solar power into coal-fired power unit running in coal-saving mode 
leads to reduction of extraction steam mass flow rate in stages No.1-3. Thus, the mass flow rate of the 
superheat and reheat steam are both influenced as the solar power output (Qsolar in kJ/h) changes, as 
shown in Fig.3. As Qsolar increases, the mass flow rate of superheat and reheat steam decreases and 
increases respectively before reaching an equivalent value.  For the system SAPG running in coal-saving 
mode, the mass flow rate of superheat steam decreases to ensure the output power of turbine remaining 
constant. The amounts of extraction steam in the 1st and 2nd stages replaced are more than the reduction 
of superheat steam, so the reheat steam increases along with Qsolar. When the extraction steam in stages 
No.1-3 are totally replaced by solar field, the mass flow rate of super heat steam and reheat steam are 
equivalent(the intersection point on the curve), and both of them increase as Qsolar rises on the contrary. 
The reason is that the temperature of superheat and reheat steam drop too much compared with the 
original coal-fired power system. 
For boiler, the variation of mass flow rate of superheat and reheat steam leads to their temperature drop, 
as shown in Fig. 4. It can be seen in this figure that as Qsolar rises, the temperature of superheat steam 
remain constant as the attemperation water taking a role to control the temperature, and then decreases for 
the attemperation water unable to adjust the temperature. The reason is that as mass flow rate of superheat 
steam decreases, the consumption of coal decreases and the temperature of flue gas decreases. The 
insufficient heat provided by boiler is unable to heat the superheat steam to the designed temperature. The 
794   Wu Junjie et al. /  Energy Procedia  61 ( 2014 )  791 – 794 
temperature of reheat steam drops as Qsolar rises. For a boiler with unchanged structure, insufficient heat 
provided by boiler and the increasing mass flow rate of reheat steam together lead to the temperature drop 
of reheat steam. As boiler structure and its distribution of heat load are unchanged in this paper. When 
heaters No.1-3 are partly replaced by solar heat, as Qsolar increases, superheat steam mass flow rate 
decreases while reheat steam mass flow rate rises. On this condition, temperature drop of reheat steam is 
much larger than that of superheat steam. 
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Fig.3. Variation of  Mass Flow Rate of  Superheat/Reheat 
Steam with the Solar Power Output 
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Fig.4.Variation of the Temperature of  Superheat/Reheat 
Steam with the Solar Power Output 
5. Conclusion 
A coupling analysis of solar field, turbine and boiler is studied in the system SAPG, and Matrix 
Thermal Balance Equations are utilized in the thermal calculation of the system with the advantages of 
fast calculation speed. For a system SAPG running in coal-saving mode, the introduction of solar power 
leads to the variation of the mass flow rate of superheat steam and reheat steam. The mass flow rate of 
superheat steam and reheat steam decreases and increases respectively, reaches to an equivalent value, 
and then both increases as the solar power output increasing. The introduction of solar power also leads to 
temperature drop of superheat steam and reheat steam, especially when the extraction steam in stages 
No.1-3 is totally replaced. On the contrary, the consumption rises with Qsolar increasing due to the 
temperature drop and the increasing mass flow rate of superheat steam and reheat steam. 
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